In order to test the application importance of the Pipe Model Theory and to develop models for the share of sapwood in tree stems, a total of 114 Scots pines (Pinus sylvestris L.) were felled within the natural range of this species in three natural positions located in northern and western Poland. The analyses were conducted on wood coming from trees from the main layer of the stand, i.e. the first three classes according to the classification developed by Kraft. Dependences were analyzed between the biometric characteristics of model trees, e.g. tree height, diameter at breast height, crown length, crown basal area and the area and volume of sapwood in the stem. All the analyzed characteristics, both biometric traits and sapwood characteristics, were found to be correlated significantly (P < 0.05) positively. Conducted analyses indicate that the postulates proposed in the Pipe Model Theory and Profile Theory require certain modifications and regression models developed for each social class of tree position in the stand for dependences of sapwood area and volume on the above mentioned biometric variables indirectly include changes occurring in time.
JOURNAL OF FOREST SCIENCE, 54, 2008 (11): 519-531 The hydraulic architecture of plants has to serve several functions and overcome certain limitations. The maintenance of a continuous column of water in the plant minimizes the risk of cavitation (Tyree, Sperry 1989; Melcher et al. 2003; Sperry et al. 2003) as well as provides a structural support to aboveground tissues (Tyree, Ewers 1991; Yang, Tyree 1993 , 1994 Tyree, Zimmerman 2002) .
Growth in height of woody plants is motivated to a considerable extent by competition for light. This competition is manifested by the social variation of trees in the community. It is possible thanks to the formation of a trunk or stem by woody plants, the role of which is to raise the crown of a tree to light. The site, climate, age of the tree, its height as well as hydraulic conductivity of xylem (its efficiency determined by the structure of anatomical elements and their modifications) are among many exo-and endogenous factors determining water transport in the plant (Nobel 1999; Sperry et al. 2003; McCulloh, Sperry 2005) . Hydraulic conductivity of sapwood is determined e.g. by biometric traits of conductive elements including basipetal reduction of tracheid and vessel diameters in the xylem (Zimmermann 1983; Ewers, Zimmermann 1984; Tyree, Ewers 1991) . Thus in a healthy, physiologically active plant a decrease in hydraulic conductivity is observed with an increase in the height of the plant (tree) (Mencuccini, Grace 1996; Ryan et al. 2000; McDowell et al. 2002) . Changes (fluctuations) in the diameter of conductively active (conducing) xylem may generally be described as the fourth-power relationship between the radius of the conductive system to the flow through capillary tubes, as described by the Hagen-Poiseuille law (Zimmermann 1983; Tyree, Ewers 1991) .
From the hydraulic model of plants a balance may be expected between the active area of sapwood and the transpiration surface of the leaf (Whitehead et al. 1984) . Studies on the relationship between the leaf biomass and the conductive zone of the xylem were continued by numerous researchers (Burger 1929 (Burger , 1937 Marks 1974; Mohler et al. 1978; Albrektson 1980) , which has resulted in the development of several theories referring to the above mentioned dependences (Pipe Model Theory, Profile Theory) . One of the primary theories is the Pipe Model Theory, proposed by Shinozaki et al. (1964a,b) .
The Pipe Model Theory assumes that the relationship between the leaf mass and the pipe cross-section area in branches and in the stem of a tree does not change. This is evidenced by the highly significant regression between sapwood area and crown area or leaf mass.
If there is a constant relationship, then it may be used to model the allocation of growth in crowns (Mäkelä, Vanninen 2001 ). This dependence was verified for different species, sites and age classes. In order to estimate the leaf biomass of a tree and the production of sapwood the theory was considerably expanded (Waring et al. 1982; Marchand 1983; Albrektson 1984; Whitehead et al. 1984; Robichaud, Methven 1992; Mäkelä, Albrektson 1992; Berninger, Nikinmaa 1994; Vanninen et al. 1996; Yukihiro 1998; Mäkelä, Vanninen 2001; Pretzsch 2001; Berninger et al. 2005) . Vanninen et al. (1996) studied the dependence of leaf biomass and tree age, height, sapwood area and crown basal area in view of growth and development conditions of a tree. Results proved the theses proposed by the Pipe Model Theory.
In turn, Cienciala et al. (2006) attempted to develop parameters for the functions of individual elements of biomass for Scots pine (Pinus sylvestris L.) in Central Europe. Aboveground biomass and its individual components were analyzed in terms of different types of nonlinear regression models assuming the following independent variables: dbh, tree height, tree age, length and diameter of crown. Moreover, results of investigations conducted by Mäkelä and Vanninen (2001) indicated that crowns of pine trees are very regular, although certain modifications of the Pipe Model Theory were required, taking into consideration the portion of sapwood excluded from the conduction processes.
The active area of pipes was ascribed to the entire sapwood area. However, there is evidence showing the incidence of pipes conductively inactive or periodically inactive. In the dynamic model of crown structure it would be necessary to consider the model including the number of inactive pipes of sapwood and related changes in leafage (Mäkelä, Vanninen 2001) .
Nikinmaa (1992) presented a hypothesis that sapwood pipes remain active much longer than the assimilation-transpiration apparatus. The hypothesis was empirically supported by the observations on Scots pine, in which it was found that the number of active sapwood rings is correlated with the number of live whorls. Björklund (1999) showed that the heartwood formation in Scots pine is more dependent on age. Moreover, the author suggested that a change in sapwood is slower than the change in leafage and this proportion is not constant in the entire stem.
The correctness of such hypotheses is also shown by the difference between the measured relative share of heartwood in comparison with the total stem diameter and the forecasted share of inactive pipes in sapwood. It is most probably the result of a gradual rather than rapid transition of sapwood into heartwood. Thus the pipe model should be modified to include the transitional, inactive sapwood zone (Mäkelä 2002) .
The above results might be assumed as evidence against PMT or as an indication that active pipes may not always be identified with the entire sapwood area.
In their studies on the application importance of PMT Robichaud and Methven (1992) indicated a significant dependence between leaf biomass and cross-section area of sapwood, which confirmed studies conducted so far and supported a hypothesis on the possibility to estimate biomass on the basis of conductive area.
There are also theories saying that the dependence of sapwood area on leaf area or crown size is determined by numerous other factors such as site, stand closure, social class of the tree position in the stand or crown class (Whitehead 1978; Thompson 1989) .
Hypotheses presented in the literature on the subject need to be verified depending on growth and development conditions characterizing forest phytocoenoses and factors modifying them. Moreover, neither assumptions of the Pipe Model Theory have been verified for pines growing in Central Europe nor any analyses were performed facilitating the application of a dependence between the leafage and conductive area to estimate the area and volume of sapwood on the basis of easily measurable secondary indexes of leaf biomass.
The aim of the study was to test and apply the Pipe Model Theory to estimate the area and volume of the conductive (sapwood) zone in stems based on easily measurable biometric traits of Scots pines (Pinus sylvestris L.) growing in northern and western Poland.
MATERIAL AND METHODS
Investigations were conducted in northern and western Poland in production pine stands (Fig. 1) . Mean sample plots were located in 38 pine positions situated within the limits of the natural range of this species in Europe. Sixteen mean sample plots were established in the Miastko forest district (1) (54°01'N, 16°59'E), fourteen in the Bytnica forest district (2) (52° 9'N, 15°10'E) and eight in the Złotów forest district (3) (53°21'N, 17°02'E) ( Table 1) .
Analyses were conducted between October 2003 and December 2006. In the investigations a total of 114 Pinus sylvestris L. trees were used, aged from 32 to 114 years, growing under diverse growth and development conditions, including site fertility, the area occupied by a tree in the stand, microclimate, and intensity of tending interventions. Model trees were divided in terms of age into classes, adopted to be 20-year intervals. Thus trees belonging to age class II (21-40 years), III (41-60 years), IV (61 to 80 years), V (81-100 years) and VI (101-120 years) were analyzed.
In each analyzed stand a representative mean sample area of 1 ha was used on which diameter at breast height (dbh) was measured on all tress along with their height in proportion to the numbers in the adopted (2 cm) diameter sub-classes.
In order to recreate a complete picture of the plant community, model trees were selected simultaneously on the basis of the Urich II dendrometric method (Grochowski 1973 ) and the classification developed by Kraft (1884) including the main stand, i.e. predominant, dominant and codominant trees. Class I -predominant trees: trees dominate in height and they have a strongly developed crown; Class II -dominant trees: they form the main canopy of the stand, have well-developed crowns;
Class III -codominant trees: crowns are still normally developed, but laterally narrowed, they are not much lower in height than dominant trees according to Kraft (1884) .
In the course of the study simple Kraft's classification, based on the qualitative assessment of the crown and tree height in relation to its nearest vicinity, was used, which quite well characterizes the social position in the community. This classification assumes that the growth dynamics of a tree in the stand is reflected in tree height as well as the position and structure of its crown (Kraft 1884). The classification mentioned above is quite frequently used to investigate the relationship between crown and stem biomass, xylem structure or the intensity of physiological and biological processes taking place in the living tree.
In order to determine the biomass of the assimilation apparatus, a method was applied in the study in which the assimilation apparatus is estimated on the basis of crown size, assuming that there is a close directly proportional dependence between the crown size expressed in biometric parameters and the volume of the assimilation apparatus (Lemke 1966) .
A total of 114 model trees were selected and felled in the experimental plots. They were pines with healthy, straight stems and with symmetrical, welldeveloped crowns, adequately to the given biological class they occupied in the stand. Prior to the felling of mean sample trees their diameters were measured on the basis of their crown projection area.
Next model trees were felled and the length of their stems was measured, which was assumed to be the distance between the kerf plane and the crown top. Then analyses of distribution were prepared for the basic biometric (taxation) characters of trees, i.e. diameter at breast height and tree height (Figs. 2 and 3).
Moreover, the length of live crown was also measured, which was adopted to be the distance between the first live branch and the crown top (Fig. 2) .
All stems of felled test trees were divided into sections, from which experimental material was cut perpendicularly to the longitudinal axis of the stem, in the form of discs approximately 3 cm in thickness.
The first disc was cut from the kerf plane of the tree, next at a distance of 1 m from the plane of the diameter at breast height (1.3 m) and from the centres of the adopted 2-meter sections.
In the course of laboratory analyses sapwood ring width and disc diameter were measured on cut discs on two perpendicular diameters oriented in the north-south and east-west directions.
On the basis of obtained data the volume and area of sapwood as well as the volume of each section were calculated, which was used to calculate the stem volume and the volume of the zone conducting water with minerals in the stem.
Field measurements were also used to calculate the crown volume, which was assumed to be the volume of a paraboloid of revolution and calculated from the formula:
where: r -crown basal radius, h -crown height.
RESULTS
In this study in order to test the pipe theory secondary indexes of leaf biomass were used, i.e. the length and diameter of the crown. Moreover, the ratios of the area (S A ) and volume (S V ) of sapwood to the diameter (C D ) and height (C H ) of the crown were also investigated (Table 2) .
First, one of the basic assumptions of the Pipe Model Theory was verified, stating there is a strong dependence between the hydraulically conductive zone and the transpiration-assimilation part. All analyzed characters, both biometric traits and sapwood characteristics, turned out to be significantly (P < 0.05) positively correlated (Table 3) . Results confirm the hypothesis that biometric traits such as the length and basal diameter of the crown strongly correspond to the hydraulically conductive zone and are good indicators of leaf biomass. The analysis included also the hypothesis on the invariance of quotients S A /C H , S V /C H , S A /C D and S V /C D , where S V, S A , C H and C D denote the area and volume of sapwood, and the height and diameter of the crown in relation to age classes and social classes of tree position. For this purpose a two-way analysis of variance with interaction was conducted for each of these quotients (Christensen 1987) , where factors were age class and social class of tree position in canopy.
Next regression models were created for the dependence of the area and volume of sapwood on the above-mentioned biometric variables. The application of all biometric variables would highly complicate the models. In order to simplify them the existence of a dependence between the analyzed characteristics of trees was verified by standard methods, calculating liner correlation coefficients (Table 3) .
All analyzed biometric characters and the area and volume of sapwood are traits of the same tree, changing in time. It is a typical example of an allometric dependence (Huxley 1932; Reddy 1998) , i.e. a dependence between measurable traits of the same organism. It was found that a dependence of sapwood volume on biometric traits such as e. g. crown length is exponential and not linear (Fig. 4) . The following model of multiple regression was thus assumed for sapwood volume:
where: Y -denotes sapwood volume, X 1 , X 2 -selected biometric variables, α, β, γ -unknown coefficients.
After finding logarithms for both sides of the equation, the above model takes the form of a linear regression model (Seber, Wild 1989): Such a model, with an appropriate analysis of regression, was developed for each of the analyzed social classes of tree position in the stand.
One of the postulates of the Profile Theory assumes invariability in time for the relation between the conductive zone and leaf biomass. This assumption was verified for all analyzed quotients and it was found that the relation of sapwood and biometric characters of the crown is not constant throughout the lifetime of a tree.
An analysis of the quotient S V /C H in terms of the age of a tree showed that in all biological classes this ratio increases with age, reaching its maximum in age class V, i.e. between 81 and 100 years, after which in age class VI (101-120 years) it decreases (Fig. 5) . A similar dependence may also be found for the other ratios, i.e. S A /C H , S A /C D and S V /C D.
In order to determine whether the analyzed proportions differ significantly in different age classes and whether they are also affected by the social class of tree position in the stand, an analysis of variance was conducted on the above-mentioned two-way model with interaction. Since similar results were obtained in all analyzed cases, the study presents in detail an analysis of variance for the quotient S V /C H (Table 4) .
It results from the above table that differences between the values of the analyzed ratio in individual age classes (Fig. 5 ) and in individual social classes of tree position in the stand are significant (Fig. 7) , while a lack of interaction between age classes and social classes of tree position indicates that the age of a tree affects the value of the ratio of S V /C H in the same way as in any social class of tree position (Fig. 7) . At the same time statistically significant differences are found in the values of the analyzed ratio between all age classes.
On the basis of the analysis it may be concluded that the coefficient S V /C H increases with the age of a tree, irrespective of its social class of tree position in the canopy. Moreover, irrespective of age, there are statistically significant differences between the values of this ratio in individual social classes of tree positions in the stand. As it results from Fig. 6 , the highest values of the analyzed ratio were found for trees belonging to group I, i.e. predominant trees, while the lowest for codominant trees, i.e. class III. Linear correlation coefficients between biometric variables were analyzed in order to investigate a possible reduction in the number of independent variables (biometric variables) in the modelling of sapwood volume and area (Table 3) .
Since all biometric traits of analyzed trees turned out to be significantly positively correlated, it is sufficient to select only some of them to describe sapwood volume and area. From the theoretical point of view it is of no importance which traits are going to be selected, thus it was decided to choose those that are easiest to measure and at the same time yield a model with a good fit to observations. These are tree height (T H ) and crown basal diameter (C D ).
As a result of the multiple regression analysis the following linear regression equations were produced.
The model of sapwood volume (S V ):
Kraft class I (predominant trees)

ln(Sv) = -7.92 + 1.94 ln(T H ) + 0.71 ln(C D )
where: T H -denotes tree height.
All coefficients were statistically significant. The coefficient of determination was R 2 = 0.89.
Kraft class II (dominant trees)
ln(Sv) = -8.94 + 2.31 ln(T H ) + 0.52 ln(C D )
All coefficients were statistically significant. The coefficient of determination was R 2 = 0.87.
Kraft class III (codominant trees)
ln(Sv) = -7.81 + 1.68 ln(T H ) + 0.98 ln(C D )
All coefficients were statistically significant. The coefficient of determination was R 2 = 0.84. All coefficients were statistically significant. The coefficient of determination was R 2 = 0.67. The above equations, after being transformed to (1), may be used to predict (model) the volume and area of sapwood in individual social classes of tree position in the stand on the basis of relatively easily measurable biometric traits (tree height, crown diameter), obviously within the range of variation of tree height and crown basal diameter investigated in this study. These dependences, illustrated in Figs 
The model of sapwood area (S A ): Kraft class I (predominant trees)
ln(S
DISCUSSION
Assumptions proposed by the Pipe Model Theory refer primarily to the estimation of leaf biomass on the basis of the conductive area in the xylem (sapwood), resulting from a constant, relatively high dependence between these variables. However, in the literature on the subject there is a shortage of more comprehensive analyses which would make it possible to use the principal theses of the Pipe Model Theory to estimate the area and volume of the conductive zone in the stem on the basis of secondary leaf biomass indexes, i.e. biometric traits of the tree crown. Such characteristics as the length and width of the crown according to Cienciala et al. (2006) are good leaf biomass indicators. This hypothesis is confirmed by the conducted investigations. High, statistically significant dependences described by regression equations were recorded between the volume and area of sapwood in stems and biometric characters of trees such as dbh, tree height, the diameter and length of the crown. Thus it was assumed that biometric parameters of the crown may be used to describe the area and volume of active pipes (sapwood).
If the assumptions of the pipe model theory and the profile theory are correct, then the analyzed correlations may constitute the basis not only for the creation of the model of crown growth allocation (Osawa et al. 1991; Mäkelä, Vanninen 2001) but also for the modelling of sapwood volume and area in tree stems on the basis of easily measurable biometric traits such as tree height, the diameter or length of the crown.
Postulates proposed by the Pipe Model Theory and the Profile Theory seem justified and partly coincide with the results of this study. However, certain modifications are required, connected first of all with the growth and development conditions of trees and stands undergoing successive development stages.
If the estimation of sapwood area and volume on the basis of secondary leaf biomass indexes is correct and corresponds with the Pipe Model Theory and the Profile Theory to some extent (Robichaud, Methven 1992), then there are no constant proportions, unchanging in time, between hydraulically conductive pipes and leaf biomass manifested by biometric characteristics of the crown in this case. Statistically significant differences were recorded between adopted age classes and social classes of tree position in the ratio of sapwood area and volume to crown length and width. Thus these dependences and interactions between the conductive zone and the tree crown need to be considered separately, depending on the age of a tree and the occupied social class of tree position in the stand. It was also observed that values of the analyzed ratios (S A /C H , S A /C D and S V /C D ) are statistically significantly different in different age classes and they increase with age, only to drop rapidly after reaching the age of approximately 100 years (Fig. 10) . This trend pertains to all investigated social classes of tree position and might be connected with the process of tree aging, in which first the genome is disturbed and next cell walls are destroyed and many enzymes become inactivated.
It may be assumed that in old pines (over 100 years old) changes occur in the dynamics of heartwood formation, which leads to a general deterioration of metabolic efficiency and acceleration of aging processes. In this stage the efficiency of the uptake of water with minerals decreases and problems occur with their transport as well as with the transport of assimilates. The accumulation of certain metabolites and degradation products is accompanied by a disruption of hormonal balance e.g. in favour of growth inhibitors. A reduced rate of metabolic processes affects the transpirational productivity of the assimilatory apparatus, as a result of which the relatively large crown is not probably capable of pulling the column of water up such a wide zone of active pipes as it is the case in younger trees. Moreover, in older trees large losses of energy are suffered at their considerable height in order to support the transport from roots to the tree top and vice versa.
This suggests that the size of the crown is closely related not only with the area of sapwood itself or the volume of active pipes but also with the height of the tree.
Conducted analyses indicate that in older trees a relatively smaller crown falls per unit of sapwood area or volume of active pipes than in the younger development phases. This probably results from the fact that the growth rate of trees decreases with age. The productivity of the stand also deteriorates (Zaehle 2005) , which is a consequence of the reduction in the hydraulic conductivity of sapwood as a result of growth (increment) in height of trees (Ryan, Yoder 1997) . This phenomenon may be explained, among other things, by the increasing resistance of water transport with the height of the tree as a result of friction forces (Whitehead, Hinckley 1991) . Moreover, in trees at later stages of ontogenesis a portion of sapwood is probably excluded from conduction processes and may not be considered equivalent to hydraulically active pipes (Mäkelä, Vanninen 2001) .
Since water in plants, apart from other functions, serves also the role of a cooling agent (Mohr, Schopfer 1995) , it seems justified that the water flow is rather fast in trees of considerable height (predominant trees) with large crowns. Thus, the hydraulically conductive area has to be highly efficient, and in relation with this also relatively small, so that the column of water may be pulled to considerable heights promptly and with no risk of cavitation. This is a manifestation of the fact that the size of the zone conducting water and minerals exponentially follows the leaf biomass defined by the length and diameter of the tree crown (Fig. 4) .
Thus, it cannot be stated unambiguously that the tree height has no effect on the relations between active pipes and the assimilation and transpiration apparatus. This is manifested e.g. by the strong curvilinear relationship between sapwood, tree height and biometric characters of the crown (Figs. 8 and 9 ).
By gradual exclusion of the sapwood zone from conduction, in order to maintain the hydraulically conductive area -varying in time -the tree controls the heartwood formation process so that constant homeostasis is maintained between the analyzed dependences.
According to Zimmermann (1983) , embolism is an impulse for the formation of heartwood as one of the factors controlling the area of active pipes, thus the ratio between heartwood and sapwood is frequently identified with the Pipe Model Theory. This suggests that for a tree with similar dimensions the share of heartwood in the stem in favour of sapwood should be smaller in trees with large crowns (Björk-lund 1999) . This would mean that the process of heartwood formation, i.e. the reduction in the area of physiologically active pipes, remains in the state of dynamic equilibrium between the conductive capacity determined by the quality of tracheid elements and the transpiration productivity of the crown.
This was confirmed by the study of Nylinder (1961), who stated that the percentage of heartwood in Scots pine decreased with an increase in the length of the live crown and an increase in the widths of the last ten diameter growths. Moreover, according to the results reported by Sellin (1993) , the sapwood zone may be much wider in dominant trees than in suppressed trees, and its width is connected with the growth rate of the tree. This seems to be significantly probable. It was observed that between the trees belonging to different social classes of tree position in the stand there are statistically significant differences in the relations between sapwood and the crown. Thus, codominant trees, in relation to the predominant group in the tree community, have a statistically significantly lower ratio of sapwood volume to the height of the crown (S V /C H ) (Fig. 11 ). Similar differences are found between all analyzed ratios (S A /C H , S A /C D and S V /C D ). This indicates that the relative sapwood area or volume is supported by a larger relative crown unit in codominant trees than in predominant trees.
Trees belonging to the lower social classes of tree position in the community are probably less productive in terms of crown transpiration, which results from their vertical and horizontal position in the canopy. Crowns of these trees have a limited access to factors significantly affecting the course and rate of transpiration, i.e. light and wind. Since the water potential gradient inside the plant depends, among other things, on the susceptibility of the plant to water availability and groundwater level (ReyesSantamar'ia et al. 2002) , another factor possibly affecting the sapwood-to-crown ratio is soil water availability, lower for codominant trees in comparison with predominant trees. The availability of water for trees is also determined by the fertility of the forest site; however, it may be assumed that the analyzed dependences and proportions will exhibit similar trends within the social classes of trees, irrespective of trophic conditions.
The correlations and relationships analyzed in this study are probably determined simultaneously by whole sets of factors modifying the growth and development conditions of individual trees and entire forest biocoenoses, the effect of which is obviously impossible or at least extremely difficult to follow at this stage of investigations. Conducted analyses showed that based on the patterns described above it is possible to model the volume and area of sapwood in stems of growing trees, without need to apply invasive methods.
CONCLUSION
Results of this study show that the relationship between the investigated biometric characteristics of the crown and the xylem conductive volume and area (sapwood) is of curvilinear character. It may be assumed that the power and nature of the discussed relationships are determined by many factors, including the hydraulic conductivity of the conductive zone, the volume and efficiency of transpiration organs, the height and age of trees, the set of individual characters as well as individual adaptability. Statistically significant differences were found between the analyzed social classes of tree position and age classes (within the adopted 20-year intervals) in terms of relationships between the biometric characters of the crown and the area and volume of sapwood.
On the basis of the trend observed for the analyzed ratios (S A /C H , S A /C D , S V /C H and S V /C D ) in view of the age and social position of trees in the stand it may be assumed that with the transition of the stand into the terminal phase a portion of sapwood is excluded from the conduction process and may not be identified with the hydraulically conductive part of active pipes.
Performed analyses indicated that the postulates proposed by the Pipe Model Theory and the Profile Theory require certain modifications, which would take into account social classes of tree position within the stand and its development stage.
It was proposed in this study to model the area and volume of sapwood in pine stems using models of multiple regression, separately for each of the three investigated social classes of tree position. Easily measurable on site, biometric characteristics of the tree, changing in time, i.e. its height and crown basal diameter, were used to model the values of these variables.
